We present here new paleointensity and geochronology results from Early Cretaceous volcanic rocks of Sierra Chica de Cordoba (Argentina). The new K-Ar isotopic ages of 5 samples range from 136 to 122 Ma. Twenty five samples from 7 individual flows yielded acceptable paleointensity estimates. The mean paleointensity values per flow are ranging from 53.0 ± 1.9 to 25.4 ± 2.6 μT and the corresponding Virtual Dipole Moments (VDMs) are ranging from 9.3±1.3 to 4.6±0.5 (10 22 Am 2 ). This corresponds to the mean value of 7.3±1.7×10 22 Am 2 , which is compatible to the present geomagnetic axial dipole. Currently available selected paleointensity data from 80 to 130 Ma suggest that geomagnetic field strength frequently fluctuated before and during the Cretaceous Normal Superchron while the magnetic polarity maintained stable. The mean paleointensities derived from Córdoba lavas agree remarkably well with those obtained from the Paraná Magmatic Province (133-132 Ma). This reinforces the hypothesis about the unreliability of 'Mesozoic Dipole Low'.
Introduction
Considering the magnetic polarity time scale for the last 160 My, it is observed that the majority of polarity intervals lies in the time range of 0.1 to 1 My, while the CNS (Cretaceous Normal Superchron) is a clear outlier with a duration of about 35 Ma from 118 to 83 Ma (Cande and Kent, 1995) . Thus CNS cannot be accommodated in the rest of the polarity sequence. This observation suggests that the geodynamo must have two fundamental states: a reversing state and a non-reversing state (McFadden and Merrill, 1995) . Larson and Olson (1991) found that the magnetic field will cease to change polarity if the amplitude of convection in the outer core rises above some limit, and they speculated that the CNS (i.e. the non-reversing state of the geodynamo) corresponds to a period with strong convection in the Earth's outer core. They also predicted an abnormally high paleointensity of the geomagnetic field during the CNS. Hence, reliable paleointensity estimate from the CNS are important in order to both constrain geodynamo theory and provide a mean for better understand the long term evolution of the geodynamo. Another important point concern the precursor of CNS. Mcfadden and Merril (2000) suggested a long-term thermal influence of mantle convection on core dynamics accompanied by the gradual decreases of the re-versal rate between 160 and 120 Ma. On the other hand, Hulot and Galet (2003) propose a mechanism of a sudden non-linear transition between a reversing and non-reversing state of the terrestrial dynamo.
Absolute paleointensity determinations before and during CNS are still scarce and of variable qualities. In this study, we report new paleointensity data from Cordoba province (Argentina) which have several advantages: (1) they are widely distributed in a large volcanic province and easy to access; (2) they record faithfully the magnetic field that existed at the time of their eruption (Geuna and Vizan, 1998) ; (3) Most of them are fresh for isotopic dating and have already yielded reliable K-Ar ages.
Rudiments of Sierra Chica de Córdoba Geology, Sampling and Ages Determination
Sierra Chica de Córdoba is a north-trending, westwardverging, fault-bounded basement uplift in Central Argentina (Fig. 1) . The basement is uncomformably covered by Cretaceous sedimentary, volcano-sedimentary and volcanic rocks, which represent remnants of a continental basin that possibly covered the whole Sierra Chica area, and which was eroded following a Neogene reactivation episode (Andean compression). The Cretaceous rocks were included by Gordillo and Lencinas (1967) in the Sierra de Los Cóndores Group, composed of coarse red beds intercalated with basalt-andesite flows. Volcanic rocks are potassiumrich, moderately alkaline basalts and subordinate andesites. Deuteric alteration is intense, affecting mainly olivine, and has been attributed by Gordillo and Lencinas (1967) to cooling in an oxidizing environment. Cretaceous outcrops and sampling localities (adapted from Geuna and Vizan, 1998) .
As part of their efforts to study the paleotectonic evolution of the region, Geuna and Vizan (1998) carried out a systematic paleomagnetic survey in the area. 147 Sites belonging to seven localities were studied in detail. The samples were distributed throughout each flow both horizontally and vertically in order to minimize effects of block tilting and lightning. From their large collection we selected two localities (El Salto Almafuerte and Despeñaderos) with the suitable rock-magnetic and directional behavior for paleointensity determination. Special effort was done for the Despeñaderos locality (Fig. 1) , which presents 12 reddishbrown consecutive basaltic lava flows yielding stable remanent magnetization (Geuna and Vizan, 1998) .
The ages for the Sierra Chica de Córdoba volcanics range from 133 to 115 Ma (Linares and González, 1990) according to the available radiometric data (Fig. 2) . However, no radiometric data are available for the Despeñaderos locality. Thus, a special attention was given to obtain more KAr absolute ages. The crushed whole rock samples were sieved at 400-500 μm and both the least magnetic fraction and most magnetic were eliminated using a Frantz magnetic separator. The resultant fractions, considered the most representative of each sample (roughly equivalent to groundmass), were cleaned, dried and split in two parts, one for K determination and other for Ar measurement. For sample Despeñaderos 1-2, the most altered one, we separated also the magnetic fraction for analysis. K was obtained following the method of Solé and Enrique (2001) . Briefly, 100 mg of sample were fused with 50% lithium metaborate +50% lithium tetraborate. The fused pearl was measured with a Siemens 3000 XRF spectrometer calibrated against several international standards prepared in the same way. Results were accurate within 1% (1σ ) or better. Argon was measured by isotope dilution ( 38 Ar tracer) with a VG1200B noble gas mass spectrometer operated under static vacuum. About 4-6 mg of each sample were fused with a CO 2 laser in a UHV chamber. After fusion, evolving gases were purified with a cold finger, and two SAES getters, one operated at 400
• C and the other at room temperature. Eight series of measurements of each mass were made sequentially and extrapolated to gas introduction time. Signal was acquired with a secondary electron multiplier. Variation coefficients for 40 Ar and 38 Ar are generally below 0.1% for 40 Ar and below 0.5% for 36 Ar. Calibration of spike was made with LP-6 biotite and B4M muscovite. All analyses were made at Instituto de Geología, UNAM. The constants recommended by Steiger and Jäger (1977) were used throughout. The new radiometric ages range from 122.9 to 136.3 Ma which is in accordance with other determinations on the area considering analytical errors (Table 1, Fig. 2 ).
Absolute Intensity Determination

Sample selection
Pre-selection of the suitable samples for Thellier paleointensity experiments was mainly based on the demagnetization of natural remanent magnetization, temperature dependence of initial magnetic susceptibility, hystersis experiments and reflected light microscopy observation. Additionally, we estimated the viscosity index according to procedures described in Prévot et al. (1983) . Determination of the viscosity index (Thellier and Thellier, 1944) allows to estimate the capacity of a sample to acquire a viscous remanent magnetization, and is therefore useful to obtain information about the sample's paleomagnetic stability. For this purpose, we placed the samples during 15 days with one of their axes aligned with Earth's magnetic field. After measuring their magnetization (M d ), they were placed for another 15 days in a field-free space, and the magnetization (M 0 ) was measured again. This allows to calculate the vis-
, where Z d and Z 0 are respectively the magnetization components of M d and M 0 which are parallel to the magnetizing field. M nrm is the intensity of natural remanent magnetization. All samples were subjected to these experiments and although viscosity indexes varied between 1.2 and 12.6%, most values were lower than 5%. In total 88 samples belonging to 12 lava flows were preselected for the experiments. Most of samples (70 samples from 9 flows) comes from the Despeñaderos locality (Fig. 1) . Selected samples show essentially two type of magnetic behaviors which can be described as follow:
3.1.1 Type 1 behavior (Fig. 3, right) One sample per flow, previousely demagnetized by alternating fields, was used to monitor susceptibility vs. temperature, hysteresis and microscopy observations. Samples carry essentially a single and stable component of magnetization, observed upon thermal treatment (A). A generally minor secondary component, probably of viscous origin was present but was easily removed. The maximum angular deviations (MAD) are lower than 4
• . Continuous susceptibility experiments (carried out in air) obtained on the same sample (B) yield Curie temperatures from 525 to 580
• C compatible to almost pure magnetite. The cooling and heating curves are reasonably reversible and show evidence for single ferromagnetic phase. The hysteresis curves are quite symmetrical in all cases. Near the origin no potbellied or wasp-waisted behaviors (C) were detected (Tauxe et al., 1996) , which probably reflects very restricted ranges of the opaque mineral coercivities. In the ratio plot of hysteresis parameters, samples fall in the pseudo-singledomain (PSD) grain size region (Day et al., 1977; Dunlop and Ozdemir, 2002) . The observation of a thin polished section (D) show that the main magnetic mineral is Ti-poor titanomagnetite associated with ilmenite exsolution of trellis type.
3.1.2 Type 2 behavior (Fig. 3, left) These samples carry stable, uni-component remanence associated with minor, almost insignificant secondary component probably of viscous origin. (A). Continuous susceptibility plots are however quite noisy and it is hard to obtain correct pic- Table 2 . Paleointensity results from Cordoba volcanic units, n/N is the number of used/treated samples, n is number of NRM-TRM points used for palaeointensity determination, Tmin-Tmax is the temperature interval used, f , g and q are the fraction of extrapolated NRM used, the gap factor and quality factor (Coe et al., 1978) respectively. γ is the angle between the direction on characteristic remanent magnetization (ChRM) obtained during the demagnetization in zero field and that of composite magnetization (equal to NRM(T) if CRM(T) is zero (see text and Goguitchaichvili et al., 1999) . F E is paleointensity estimate for individual specimen, and σ (F E ) is its standard error; VDM and VDMe are individual and average virtual dipole moments. * 400 • C temperature step is missing for these samples. ture due to very low initial signal. It may be seen however that theses curves are characterized by large decrease (B) at low/moderate temperatures, possibly due to superparamagnetism. This hypothesis is reinforced by the fact that the hystereis curves show well-defined wasp-waisted (C) behavior (Tauxe et al., 1996) probably due to presence of mixture single-domain and superparamagnetic grains (Goguitchaichvili and Prévot, 2000) . Further evidence of SD-SP grains comes from the squareness vs. coercitive force (Hc) relationship (Tauxe et al., 2002) pointing to the uniaxial SD and SP mixture. Conventional microscopy observations are rather difficult because of small size of most magnetic grains (commonly less than 2 μm). Larger grains that may be observed directly have naturally no great contribution in remanent magnetization. We note however, that this later group presents systematically Ti-poor titanomagnetites associated with ilmenite (sandwich form) and titanohematite exsolutions (D) formed as a result of oxidation of original titanomagnetite (usually Ti-rich) during the initial flow cooling.
Paleointensity Experiments
Paleointensity experiments were performed using the Thellier method (Thellier and Thellier, 1959) in its modified form (Coe et al., 1978) . All heatings were made in a vacuum better than 10 −3 mbar. The temperature settings were established from earlier studies of the unblocking temperature spectrum (Geuna and Vizan, 1998) . Ten temperature steps (Fig. 4) were distributed between room temperature and 560
• C, and the laboratory field was set to 30 μT. Control heatings, commonly referred as pTRM checks, were performed four times throughout the whole experiment. All remanences were measured using a JR6 spinner magnetometer.
We accepted only determinations that satisfied all of the following requirements:
1. Obtained from at least 6 NRM-TRM points corresponding to a NRM fraction larger than about 1/3 (Coe'e quality factor f > 0.33). 2. Yielding quality factor q (Coe et al., 1978) of about 5 or more. In only two cases (samples AL8-3C and DS33B), we accepted determinations with slightly lower q factors because the intensity was found close to the site-mean value and f was above 0.47. 3. Positive pTRM checks-We define pTRM checks as positive if the repeat pTRM value agree with the first measurement within 15%. Because the small (lowtemperature) pTRMs are hard to measure precisely on the background of the full NRM/TRM, we must allow some larger deviation of pTRM checks (within 20%). 4. The directions of NRM end points at each step obtained from paleointensity experiments are stable and linear pointing to the origin. No significant deviation of NRM remaining directions towards the direction of applied laboratory field was observed. To better illustrate this point, we calculated the ratio of potential CRM(T) to the magnitude of NRM(T) for each double heating step in the direction of the laboratory field during heating at T (Goguitchaichvili et al., 1999) . Consequently, we now report the values of γ [the angle between the direction on characteristic remanent magnetization (ChRM) obtained during the demagnetization in zero field and that of composite magnetization (equal to NRM(T) if CRM(T) is zero) obtained from the orthogonal plots derived from the Thellier paleointensity experiments] in Table 2 . For accepted determinations γ values are all <10
• which attest that no significant CRM was acquitted during the laboratory heatings. This approach is probably more restrictive than simple calculation of angle between the characteristic directions determined by Thellier experiments and by thermal demagnetization in zero field.
The main reason for failure of experiments was a typical 'concave-up' behaviour, observed for some samples (Fig. 4 , sample AL10-2A), which may correspond to some irreversible variations of coercitive force (Dunlop andÖzdemir, 1997) associated with large NRM lost without any correlated partial TRM acquisition during the subsequent cooling. As showed by Kosterov and Prévot (1998) this behavior is not only due to multidomain grains but also to some kind (not fully identified) transformation from a singledomain 'metastable' to multi-domain state which results in a large NRM lost without any correlated TRM acquisition during the subsequent cooling. This point is probably more complex puzzle in paleointensity and we have no explanation how these changes will lead to 'positive 'pTRM' checks.
Finally, 25 samples from 7 lava flows yielded apparently reliable absolute intensity determinations. We choose 560
• C as a final step of Thellier paleointensity experiments due to the technical problems related to the paleointensity oven. We note however, that the data are of good technical qualities: The NRM fraction f used for paleointensity determination ranges between 0.37 to 0.82 and the quality factor q (Coe et al., 1978) varies from 4.8 to 25.8, being normally greater than 5 (Table 2) . These results correspond to data of good technical quality.
Results and Discussion
The correct identification of magnetic mineralogy is crucial for absolute paleointensity interpretation (Smirnov and Tarduno, 2005) . The samples selected for Thellier paleointensity experiments should necessarily carry primary TRM (thermoremanent magnetization).
In present study, the selected samples present two types of magnetic properties. For the Type 1 samples (see text above and Fig. 3(a) ) thermomagnetic investigations show that the remanence is carried in most cases by Ti-poor titanomagnetite, resulting of oxi-exsolution of original titanomagnetite during the initial flow cooling, which most probably indicates thermoremanent origin of a primary magnetization. Moreover, unblocking temperature spectra and relatively high coercivity point to 'small pseudo-single domain' magnetic structure grains as responsible for remanent magnetization. Single-component, linear demagnetization plots were observed in most cases.
The microscopy observation under reflected light on Type 2 samples shows Ti-poor titanomagnetites associated with et al. (2003) ilmenite (sandwich form) and titanohematite exsolutions ( Fig. 3(d) ) formed as a result of oxidation of original titanomagnetite (usually Ti-rich) during the initial flow cooling. This intergrowth develops typically beyond 600
• C (Buddington and Lindsley, 1964; Haggerty, 1976 Haggerty, , 1991 , consequently, the NRM (natural remanent magnetization) carried by these samples should be a thermoremanent magnetization (TRM). Smirnov and Tarduno (2005) suggest however, that this process can occur at temperatures of 500
• C or little bit below. In this case, paleointensity data may lead to the derivation of field values that are too low. They obtained values as low as 2.14 and 9.81 μT studding some Early Proterozoic Matachewan dike swarm in Canada. We note however that in our case the paleointensity values obtained from Type 2 behaviour are quite high ranging from 37.4 to 48.2 μT. The mean virtual dipole moment (VDM) value obtained from these samples is 8.02×10
22 Am 2 -compatible to the present geomagnetic field strength. Moreover, let us underline that the Type 1 is a dominant behavior (sites AL, DSP-2, DSP-4, DSP-7, DSP-8, DSP-9) against Type 2 (all samples of site DSP-3, Table 2 ) suspected to carry thermochemical remanent magnetization. Thus, even excluding these data from the analyses, the study mean VDM remains unchanged.
The site-mean paleointensity values obtained in this study range from 53.0 ± 1.9 to 25.4 ± 2.6 μT (Table 2) and the corresponding VDM's are ranging from 9.3 ± 1.3 to 4.6 ± 0.5 (10 22 Am 2 ). These data yield a mean value of 7.3±1.7×10
22 Am 2 which is basically similar to the present geomagnetic axial dipole (7.8 × 10 22 Am 2 after Barton et al., 1996) .
Córdoba mean VDM is shown on Fig. 5 (see also Table 3) together with 11 other selected mean VDMs and VADMs (virtual axial dipole moment) for the period 130-80 Ma. We selected data using quite modest criteria Zhao et al., 2002) demanding a) the mean based on more than 9 successful determinations from at least three cooling units, b) no transitional data and c) paleointensity estimates obtained with Thellier (conventional or Fig. 5 . Evolution of selected mean virtual dipole moments (VDMs) and virtual axial dipole moments (VADMs) for 80 to 130 Ma (see also  Table 3 ). Also shown is the geomagnetic polarity time scale to 130 Ma (Cande and Kent, 1995) . microwave) method with pTRM checks. Eight out of twelve data are obtained from subaerial lava flows, two are based on single plagioclase crystal paleointensity (Cottrel and Tarduno, 1999, 2000; Tarduno et al., 2001 Tarduno et al., , 2002 while remained two VADMs are obtained using submarine basaltic glasses (SBG, see Staudidel, 2004 and Riisager et al., 2004) . Our results are in agreement with SBG data but substantially lower with respect to plagioclase data. In contrast, the Córdoba mean VDM appears higher than those obtained from NE China (Tanaka and Kono, 2002; Zhao et al., 2002; Zhu et al., 2003; Zhu et al., 2004a, b, c; Pan et al., 2004) . Judjing from the large dispersion observed (Fig. 5) , it is very difficult to make any firm conclusion about the longterm trend of geomagnetic paleointensity. Currently available paleointensity data for the time interval 130 to 80 Ma suggest that geomagnetic field strength frequently fluctuated before and during the Cretaceous Normal Superchron while magnetic polarity maintained stable. This suggest that there is no simple relation between the strength of the Earth's magnetic field and reversal rates. An interesting finding is the similarity of Cordoba and Paraná (Goguitchaichvili et al., 2002) VDMs (133-132 Ma) which reinforces the hyphotesis about the unreliability of the 'Mesozoic Dipole Low' first suggested by Prévot et al. (1990) .
